As the zebrafish embryo undergoes gastrulation and epiboly, the cells of the enveloping layer (EVL) expand, covering the entire yolk cell. During the epiboly process, the EVL cells move as a coherent layer, remaining tightly attached to each other and to the underlying yolk syncytial layer (YSL). In view of the central role of the actin cytoskeleton, in both cell motility and cell-cell adhesion, we have labeled these cells in situ with fluorescent phalloidin and anti-actin antibodies. We show that, throughout their migration, the EVL cells retain a conspicuous cortical actin cytoskeletal belt coinciding with cell surface cadherins. At the margins approaching the YSL, the EVL cells extend, from their apicolateral domains, actin-rich filopodial protrusions devoid of detectable cadherin. We have studied the role of the actin cytoskeleton in the maintenance of EVL cohesion during epiboly. Cytochalasin treatment of embryos induces EVL dissociation accompanied by general detachment of the rest of the embryonic cells. In the dissociating EVL cells, the cortical actin belt undergoes fragmentation with the formation of actin aggregates; cadherins, on the other hand, remain evenly distributed at the junctional cell surface. Removal of Ca 2+ by ethyleneglycolbis (amino-ethyl-ether)-tetraacetic acid (EGTA) treatment also induces cell dissociation without visible disruption of the cortical actin belt. The protein kinase inhibitor (1-isoquinolinylsulfonyl)-2-methyl-piperazine dihydrochloride (H-7), which blocks acto-myosin contractility and disrupts actin cables in cultured cells, also potentiates cytochalasin-induced dissociation and promotes the projection of numerous actin-rich lamellipodial extensions. The fact that EVL cells produce microspike-like structures towards the YSL and are capable of lamellipodial activity lend further support to the suggestion (R.W. Keller and J.P. Trinkaus. 1987. Dev. Biol. 120: 12-24) that the EVL cells are not passively mobilized on the expanding YSL but actively participate in epiboly.
Introduction
The zebrafish embryo develops from a cap of cytoplasm at the animal pole of the egg yolk. This cytoplasmic cap cleaves to form the blastoderm, which comes to lie on top of the yolk mass now called the yolk cell (YC) (Fig. 1) . During cleavage, some cells separate completely from the yolk cell while others remain connected to it via cytoplasmic bridges. Among the latter cells are those present at the periphery of the discoidal blastoderm. With subsequent development, these marginal blastomeres fuse and release their cytoplasm into the underlying yolk cell, giving rise to the yolk syncytial layer (YSL), (Kimmel et al. 1995) , . As cleavage progresses, a group of superficial cells, located at the uppermost region of the blastoderm, segregate from the underlying embryonic cells forming an epithelioid layer called the enveloping layer (EVL) (Figs. 1G and 1H) . At the periphery of the EVL, its epithelial cells adhere to the underlying YSL and move together during the epiboly process, eventually enveloping the yolk cell. Throughout this process, the cells of the EVL expand and the EVL layer remains attached to the YSL.
We have examined the actin cytoskeleton, as well as the cadherins, present at the surfaces of cells in embryos at stages ranging from cleavage to epiboly. We have found that during epiboly F-actin in the EVL cells is primarily packed into a conspicuous cortical actin belt that largely coincides with cadherin(s). Treatment of embryos with cytochalasin results in cell dissociation. In these embryos, the cortical actin cytoskeleton of the EVL cells undergoes fragmentation without a noticeable effect on cadherins, which remain largely homogeneously distributed along the cell surface. The cell dissociative effects of cytochalasins are potentiated by the protein kinase inhibitor (1-isoquinolinylsulfonyl)-2-methyl-piperazine dihydrochloride (H-7). Ethyleneglycolbis (amino-ethyl-ether)-tetraacetic acid(EGTA) treatment, however, induces EVL dissociation but does not induce a noticeable fragmentation of the cortical actin belt. Our results suggests that the integrity of the actin cytoskeleton is essential for the support of the adhesive function of the cadherins and the maintenance of the cohesion of the EVL epithelium.
Materials and methods

Reagents
Cytochalasin D, dihydrocytochalasin B, H-7, bovine serum albumin (BSA), dimethylsufoxide (DMSO), EGTA, pronase (type XIV protease from Streptomyces griseus), and 4,5-diaminophenylindole (DAPI) were obtained from Sigma Chemical Co. (St. Louis, Mo.). Rhodamine phalloidin was obtained from Sigma and Molecular Probes (Eugene, Oreg.). Tween-20 and peroxidaselabeled antibodies were from Biorad (Hercules, Calif.). Primary antibodies were a rabbit antiserum to the synthetic peptide from actin (now distributed by Sigma as A-2066), diluted 1:100, and the monoclonal pan-cadherin antibody directed against the C-terminal domain of N-cadherin (Sigma clone CH-19, ascites fluid), diluted 1:250. FITC-labeled goat anti-rabbit or goat anti-mouse IgG were from Jackson Laboratories (West Grove, Penn.) and were diluted 1:50. Mowiol 4.88 was obtained from Calbiochem (San Diego, Calif.).
Embryos
Zebrafish were obtained from a local pet shop and mixed sexes were kept at 28.5°C in aquaria containing artificial river water (Eaton and Farley 1974) . Tanks were marbled and eggs were collected in artificial river water according to Westerfield (1995) . Embryos were kept in Neviot mineral water or in artificial river water until the desired stages were reached. When required for particular experiments, embryos were dechorionated with pronase. For this purpose, eggs were rinsed in embryo medium (EM) prepared from Hank's saline (Westerfield 1995) , incubated for 3.5 min at room temperature in EM with pronase (0.05 mg/mL), and rinsed liberally with several changes of EM. Dechorionated embryos were allowed to recover in this medium at 28.5°C for at least 1 h prior to the initiation of the experiments. After recovery, healthy embryos devoid of alterations in the area of the embryo proper or in the yolk cell were selected and used for subsequent experiments.
Fluorescence microscopy of actin distribution in zebrafish embryos
All reagents were dissolved in phosphate-buffered saline (PBS) (137 mM NaCl, 3 mM KCl, 3 mM KH 2 PO 4 , 7.7 mM Na 2 HPO4, 1 mM CaCl 2 , 1 mM MgCl 2 ). Unless otherwise stated, intact or dechorionated embryos were fixed overnight at 4°C in a freshly prepared solution of 4% paraformaldehyde containing 4% sucrose and transferred to sucrose for dechorionation. For subsequent processing and staining, embryos were transferred to PBS in concavebottomed glass staining wells (external diameter of 14 mm) inserted into a Linbro tissue culture plate (24 wells). Each wash step was for 10 min at room temperature unless otherwise stated. Incubations for staining and washing always took place with gentle shaking. For phalloidin staining, embryos were rinsed in PBS, permeabilized for 30 min at room temperature in 0.5% Triton X-100, washed with PBS, incubated for 1 h at room temperature with rhodamine phalloidin (1.25 µM from Sigma or 0.165 µM from Molecular Probes) in PBS containing 1% BSA and 1% DMSO (PBS-BSA-DMSO). After three washes with PBS, embryos were stained with DAPI (2.5 µg/mL) for 1 h at room temperature and washed overnight in PBS. For examination by fluorescence microscopy, embryos were mounted in Mowiol between two coverslips separated by two layers of electrical tape. This allowed for observation from both sides.
For immunohistochemistry, antibodies were diluted in blocking solution (PBS with 1% BSA, 1% DMSO, and 3% goat serum) and all the washing steps were for 15 min. After fixation and washing, embryos were permeabilized in 0.5% Triton X-100 as above, washed with PBS, and incubated for 30 min at room temperature with 0.2 M glycine, followed by rinsing in PBS. Embryos were then blocked overnight at 4°C, reacted with the primary antibody for 5-6 h at room temperature, and washed overnight at 4°C with PBS-BSA-DMSO. Embryos were then incubated for 3 h in the second antibody at room temperature and washed overnight at 4°C in PBS-DMSO. They were then stained with DAPI and mounted.
Observations were made using the Zeiss photomicroscope III or the Zeiss Axiophot.
Scanning electron microscopy
Embryos with intact chorion were fixed overnight at 4°C with Karnovsky's fixative (3% paraformaldehyde, 2% glutaraldehyde, 5 mM CaCl 2 in 0.1 M cacodylate buffer (pH 7.4) containing 0.1 M sucrose). Embryos were then post-fixed for 1 h with 1% osmium tetroxide in 0.1 M cacodylate buffer followed by incubation with 1% tannic acid in water and then with uranyl acetate in water. Embryos were subsequently rinsed, dehydrated with a graded ethanol series, critically point dried, and sputter coated with gold. Specimens were examined at an accelerating voltage of 20-25 kV using a JEOL GMC 64000 scanning electron microscope.
Cytochalasin and EGTA treatment of zebrafish embryos
Stock solutions of cytochalasin D and dihydrocytochalasin B (1 mg/mL) were prepared in DMSO. Embryos were dechorionated with pronase as described previously and extensively washed. Embryos were selected and incubated in 3 mL of EM (Westerfield 1995) at 28.5°C for at least 1 h for recovery and further develop- Figs. 1G and 1H . By the 512-cell stage (E), some of the EVL cells located between the embryo proper and the yolk cell fuse and release their nuclei and cytoplasm into the yolk cell, giving rise to the yolk syncytial layer (YSL) The nuclei of the YSL are shown in black. The high stage (F), refers to the fact that the embryonic mass is settled relatively high upon the yolk cell; in the sphere stage (G), the whole embryo acquires a spherical shape. The peripheral cells of the EVL adhere strongly to the underlying YSL and move together downward, eventually enveloping the yolk cell; this process is known as epiboly. Percent epiboly refers to the fraction of the yolk cell that is covered by the blastoderm. Onset of gastrulation occurs at the 50% epiboly stage. In Figs. 1G and 1H , a cross-section of the blastoderm is represented showing the locations of the EVL, the deep cells, and the yolk syncytial layer. Figures 1A-1F are redrawn from Kimmel et al. (1995) and Figs. 1G and 1H are redrawn from Solnika-Krezel and Driever (1994) . ment. When the desired stage was reached, embryos were examined again and embryos showing visible abnormalities were discarded. Subsequently, 1 mL of cytochalasin solution dissolved in EM at four times the required concentration was added and the medium was mixed gently. Embryos were kept at 28.5°C during observation. Controls consisted of embryos with DMSO at the same concentrations as the cytochalasin-treated embryos. Final concentrations ranged from 1 to 4 µg/mL for cytochalasin D and from 1 to 2 µg/mL of dihydrocytochalasin B. In other experiments, embryos were incubated with H-7 (7.5-900 µM) for 30 min prior and during the cytochalasin treatment. In additional experiments, embryos exposed to dihydrocytochalasin-B or H-7 were fixed and subjected to phalloidin or cadherin staining.
For EGTA treatment, embryos were dechorionated and allowed to recover in embryo medium as before. Shortly before the experiment, embryos were washed with several changes of Ca 2+ -Mg 2+ -free embryo medium (CMF) (Westerfield 1995) and suspended in 3 mL of the latter medium. One millilitre of CMF containing four times the desired EGTA concentration was then added. Controls consisted of embryos maintained in normal EM and embryos kept in CMF. Final EGTA concentrations ranged from 2 to 20 mM and embryos were kept at 28.5°C during treatment. In some experiments, embryos were fixed at different time intervals after treatment and stained with phalloidin or with anti-cadherin antibodies.
Results
Organization of the actin cytoskeleton in the EVL
Filamentous actin is evident already in the 2-cell embryo along the contact between the first two blastomeres ( Fig. 2A ). This pattern in actin configuration is typical up to the 16-cell stage and presumably is associated with the rapid cleavage of the early blastomeres (Figs. 2B and 2C) . By the 32-cell stage, a relatively thin band of peripheral actin is detected at the cell periphery by phalloidin staining (Fig. 2D) , which develops into a discrete band of peripheral actin by the 128-cell stage ( Fig. 2E ) and gains further prominence in later stages . Cells of the EVL layer of embryos at the high stage already manifest a conspicuous cortical actin belt similar to that of embryos at the 30% epiboly stage and onwards (Figs. 2H-2K and Fig. 3 ). At the EVL-YSL margin of embryos at the high stage, some EVL cells already exhibit filopodial projections extending into the YSL area (Figs. 2I and 2J). In some instances, cells located anterior to the EVL-YSL margin display relatively long lobopodial protrusions that appear to contact underlying EVL cells (Fig. 2K) .
In embryos at the 30% epiboly stage and throughout epiboly, the microfilament system, visualized by rhodamine phalloidin or by anti-actin antibodies, reveals a conspicuous cortical actin belt in the squamous epithelial cells of the EVL (Figs. 3A-3D ). In contrast, the deep cells in the embryo do not manifest this cortical actin organization (Figs. 3C and 3D) . At the apical surfaces of the EVL, facing the perichorionic space, actin is organized in small aggregates, which can only be visualized at high magnification (Figs. 3E and 3F) . These probably correspond to actin bundles associated with surface protrusions of the EVL cells that can be visualized by scanning microscopy (Fig. 3H ). These microfolds in the apical EVL cell surface have been already described in the EVL cells of Fundulus (Betchaku and Trinkaus 1978, Fink and Cooper 1996) . In the EVL-YSL interface, rhodamine phalloidin and anti-actin antibodies stain the free apicolateral margins of the EVL (Figs. 3E-3G). In these cell domains, which are attached to the YSL, the epithelial cells display numerous actin-rich filopodial extensions that vary from short microspikes to longer branched filopods (Figs. 3E-3G). These filopodia are relatively abundant in most of the EVL cells that are present in this area.
Cadherin organization in the developing embryo
In epithelial cells, cadherins are involved in mediating intercellular interactions and are the landmarks of adherens type junctions (Geiger and Ayalon 1992; Gumbiner 1993 Gumbiner , 1996 Yap et al. 1997) . Using a monoclonal pan-cadherin antibody (Geiger et al. 1990 ), we localized these adhesion molecules in the cells of the early embryo and in the epithelioid cells of the EVL of embryos undergoing epiboly We examined the developmental stage at which cadherin protein expression and organization could be first detected by this antibody. Weak and diffuse cadherin staining could be visualized in the most central cells of the 8-cell embryos ( Fig. 4A ) and definite cadherin staining could be detected from the 32-cell stage onwards .
In embryos at the 30-50% epiboly stage, antibody CH-19 stained the surfaces of the EVL cells (Fig. 4F ) and gave a similar staining pattern to that obtained with rhodamine phalloidin or anti-actin antibodies. In addition the pancadherin antibody also stained diffusely the surfaces of the deep cells under the EVL (Figs. 4F and 4G ). We also examined the apicolateral surfaces of the EVL cells at the EVL-YSL margin. This antibody reacted with the lateral cell surfaces of the peripheral EVL cells at the interface with the YSL but did not stain filopodial extensions (Fig. 4E) .
To further determine colocalization of actin and cadherins we tried double staining with anti-cadherin antibody followed by staining with either palloidin or anti-actin antibody. We tested several modifications of the staining procedures such as (i) varying the order of exposure of the embryos to phalloidin and anti-cadherin antibody; (ii) changing the order of staining with anti-actin and anti-cadherin antibody; and (iii) post-fixation after exposure to each of the labeled probes. In all cases embryos were only stained by the first reagent to which they were exposed. We also probed the embryos with several antibodies to vinculin, α actinin, catenins, spectrin, and cytokeratin. These antibodies did not recognize any structure in the embryos.
Effect of cytochalasin treatment in embryos undergoing epiboly
To determine the role of the cortical actin cytoskeleton in the maintenance of the integrity of the EVL, we treated embryos from 30 to 50% epiboly with cytochalasin D or dihydrocytochalasin B. When compared with control embryos incubated in EM with and without DMSO, no visible changes in the drug-treated embryos were observed within the first 10 min of incubation. After this time interval, alterations induced by cytochalasin treatment, include EVL dissociation (EVLD), YC herniation (YCH), a combination of the two, and complete dissociation of the blastomeres with disintegration of the YC. EVLD occurs 10-20 min after exposure and is characterized by loosening and dislodging of a small cluster of superficial cells in the region of the embryo proper (Figs. 5B and 5C; Tables 1 and 2 ). Cell dislodgment Figures 3B, 3D , and 3F show actin and DAPI staining. Figures 3A and 3B show an embryo at the 30% epiboly stage. Figures 3C and 3D show an embryo at the 50% epiboly stage. In Figs. 3C and 3D , the EVL has been fractured and shows that, while the cells in the EVL have a conspicuous cortical actin cytoskeletal belt, those in the deep layer (arrowhead) do not show this trait. Figures 3E, 3F , and 3G show the free apicolateral surfaces of EVL cells at the EVL-YC margin. Here, most EVL cells emit filopodial microspike-like projections that show gradations from short and spiky (arrowhead) to long and bifurcated (*). In Figs. 3E and 3F , actin condensations at the upper surface of the cells are in focus in some cells (white + in Fig. 3E ). These probably represent the actin cytoskeletal elements present in the apical microplicae of these cells. (H) Scanning electron micrograph of an embryo at about the 40% epiboly stage showing the apical surface in EVL cells at the animal pole region of the embryo. Observe the microplicae-like projections in the apical free surface of the cells. Scale bar = 50 µm for Figs. 3A-3D. Scale bar = 10 µm for Figs. 3E-3G. Scale bar = 10 µm for Fig. 3H. spreads around the embryo giving it a spongy-like appearance (Figs. 5D-5H) , and dissociation continues until the EVL and the deep cells separate from the YC (Figs. 5I and 5J ) and a cell suspension is formed (Fig. 5K and 5L) . EVLD occurs at 28.5°C and is slower at room temperature (22-24°C). YCH occurs 10-20 min after exposure (Tables 1 and 2 ) and starts as a small protrusion of cytoplasm formed usually at the vegetal pole of the YC. (Fig. 5M) . This protrusion can retract into the yolk cell and heal or can eventually become the site at which the extrusion of cytoplasmic contents of the YC begins. The latter results in the leakage of cytoplasm and accompanying yolk from the YC. In cytochalasin-treated embryos, YCH occurs at 28.5°C but is not frequent in embryos treated at room temperature. EVLD and YC herniation can occur independently from each other in embryos subjected to cytochalasin treatment. EVLD plus YC herniation can also be detected 10-20 min after cytochalasin treatment, but is more frequently seen following longer exposure (Tables 1 and 2) . Eventually, embryo dissolution characterized by disintegration of the YC accompanied by complete dissociation of the cells of the embryo proper occurs (Figs. 5J-5L) We tested the concentration dependence of the cyto- B and C) . In embryos at the sphere stage (D), distinct cadherin staining is detectable in the EVL cells. In Fig. 4F , the focus is on the EVL of an embryo at the 30% epiboly stage, where one can observe staining of the epithelial cells and discern staining in the deep cells. Fig. 4G shows the same region, but focused in the deep cells of the blastoderm, which also display cadherin at their plasma membranes. Figure 4E shows staining of an EVL cell at the EVL-YC edge showing the apicolateral region of the EVL cells; note that staining is continuous at the free surface of the cell with no evidence of cadherin staining in filopodial extensions. Scale bar = 50 µm for Figs. 4A, 4B, and 4E. Scale bar = 20 µm for Figs. 4C, 4D, 4F, and 4G.
chalasin effects in the embryo. For this purpose we incubated embryos up to 2 h in the presence of these actindisrupting agents. Representative experiments showing the sequence and frequency of appearance of the alterations induced in the embryos by treatment with cytochalasin D and dihydrocytochalasin B are shown in Tables 1 and 2 , respectively. The data shown for cytochalasin D in Table 1 , indicate that a concentration of 4 µg/mL induced 50% or more embryo dissolution after 2 h of incubation; lower concentrations were less effective (data not shown). Dihydrocytochalasin B promoted a comparable frequency of embryo dissolution at a lower concentration (2 µg/mL); a concentration of (1 µg/mL) was less effective. For subsequent experiments we used dihydrocytochalasin B at a concentration of 2 µg/mL. Embryo viability after pronase treatment, was examined 20 h after the onset of the experiment, in the embryos of the same clutch maintained in EM or in EM with DMSO. We determined the percentage of embryos that developed to living primordium stages of the pharyngula period, or that had died at somite stages of the segmentation period (Tables 1 and 2 Notes: The frequency (%) of embryos undergoing particular transformations in the EVL and yolk cell are shown. Viability after 20 h represents the survival of embryos from the same clutch. Control EM, embryos developing in embryo medium; Control DMSO, embryos incubated in EM containing the same concentrations of DMSO as the cytochalasin-treated embryos; EVLD, EVL dissociation; Emb. Diss., embryos undergoing embryo dissolution; YCH, yolk cell herniation; EVLD+YCH, EVL dissociation and yolk cell herniation; primordium, living embryos that developed up to the primordium stage of pharyngula; Somite, embryos that died at somite stages of segmentation. At 20 h of incubation, the percentage of embryos that had undergone embryo dissolution was estimated by subtraction. For each of the control treatments, 10 embryos were used and for the cytochalasin D treatment, 12 embryos were used. A representative experiment is shown. Eight experiments were conducted in which the effects of this compound were examined. Notes: The frequency (%) of embryos undergoing particular transformations in the EVL and in the yolk cell are shown. Viability after 20 h represents the survival of embryos from the same clutch. Control EM, embryos developing in embryo medium; Control DMSO, embryos incubated in embryo medium containing the same concentrations of DMSO as the cytochalasin-treated embryos; DHCB, dihydrocytochalasin B; EVLD, EVL dissociation; YCH, yolk cell herniation; EVLD+YCH, embryos undergoing EVL dissociation and yolk cell herniation; Emb. Diss, embryos undergoing embryo dissolution. Primordium, living embryos that developed up to primordium stages of pharyngula; somite, represents embryos that died at somite stages of segmentation. At 20 h of incubation, the percentage of embryos that had undergone embryo dissolution was estimated by subtraction. For each of the control treatments 15 embryos were used; for the DHCB treatment, 17 embryos were used. A representative experiment is shown. Thirteen experiments were conducted in which the effects of this drug were examined. Table 2 . Effects of dihydrocytochalasin B on zebrafish embryos incubated at 28.5°C. For this experiment embryos were kept at room temperature; yolk cell herniation did not occur in this experiment and, in general, is infrequent when cytochalasin treatment is performed at room temperature. (L) A cell suspension from embryos that were subjected to dihydrocytochalasin B at the same concentration but were incubated at 28.5°C. EVL dissociation is much faster at the latter temperature when compared to that occurring at room temperature. (M) Early yolk cell herniation in an EGTA-treated embryo. A small amount of cytoplasm being extruded from the vegetal region of the yolk cell (arrowhead). Scale bar = 100 µm for Figs. 5A-5M. 
Effect of EGTA on embryos undergoing epiboly
Since cadherins are calcium-dependent adhesion molecules, we determined the effects of Ca 2+ removal on embryo integrity. Embryos were relatively resistant to EGTA treatment and concentrations of 20 mM were necessary to induce a proportion of embryo dissolution comparable to that caused by cytochalasin treatment (Table 3 ). There were, however, differences between EGTA and cytochalasintreated embryos in that YCH was as prevalent in EGTAtreated embryos incubated at 28.5°C as in those maintained at room temperature. Twelve experiments were performed. Embryo viability was determined as in the cytochalasin experiments; it ranged between 70 and 100%.
Effect of cytochalasin treatment on actin and cadherin organization in EVL cells
It was important to determine whether any changes in the actin cytoskeleton, as well as in cadherin organization, were associated with cytochalasin-induced cell dissociation. Embryos were incubated in dihydrocytochalasin B (2 µg/mL) at 28.5°C; when a significant number of embryos were undergoing EVL dissociation (40-60 min), embryos were fixed, stained with phalloidin or anti-cadherin antibody, and examined for actin and cadherin distribution. EVL cells adjacent to the area of EVL dissociation exhibited a focal fragmentation of the cortical actin belt and actin aggregates began to appear at the apical surfaces of the cells (Figs. 6A and 6B ). The coalescence of actin into relatively large aggregates was more evident in cells that were at more advanced stages of dissociation and had rounded up (Fig. 6C) . In contrast, in EVL cells in the immediate neighborhood of the area of dissociation, cadherins remained homogeneously distributed around the surfaces of EVL (Fig. 6D) , as observed within the limits of resolution of immunofluorescence microscopy.
Effect of EGTA treatment on actin organization
Embryos undergoing early EGTA-induced dissociation (40 min after treatment) were examined for actin organization using phalloidin staining. In all treated embryos dissociating cells retained a cortical actin belt. Within the limits of resolution of the immunofluorescence technique, we could not detect any evidence of actin fragmentation or of formation of actin aggregates within the cells (Figs. 6E and 6F) . We tried to stain EGTA-disagregating embryos for cadherins; however, these embryos were extremely fragile and did not withstand the long and elaborate procedure required for double immunofluorescence staining.
Effect of H-7 on cytochalasin-induced EVL dissociation
In some cultured epithelial cell lines, the effects of cytochalasins can be ameliorated by pretreatment with the protein kinase inhibitor H-7 Volberg et al. 1994) . Groups of embryos were kept at 28.5°C, pretreated for 30 min with H-7 at concentrations ranging from 7.5 to 900 µM prior to the addition of dihydrocytochalasin B (2 µg/mL) and investigated for effects on EVL dissociation as described for previous treatments. In all of the experiments pretreatment with H-7 potentiated the EVL dissociation effects of dihydrocytochalasin B (Fig. 7) , and at very high concentrations of (900 µM) induced EVL dissociation after 60 min of incubation (Fig. 7C) . A large percentage of embryos maintained at H-7 concentrations of 7.5 µM developed up to the somite and primordium stages of pharyngula (Fig. 7A) ; however, embryos incubated at higher concentrations of kinase inhibitor (300-900 µM) attained, respectively, the stages of 90% epiboly and germ ring during the course of the experiment but did not develop to somite or primordium stages of pharyngula (Figs. 7B and 7C ). Embryos treated with H-7 were also fixed and subjected to phalloidin staining to visualize actin configuration in the EVL cells surrounding the area of the onset of dissociation. In these cells actin was concentrated in numerous elaborate lamellipodia that seemed to have emerged from the apical surfaces of the EVL cells (Fig. 7G) . We were not able to retrieve entire embryos treated with dihydrocytochalasin 6-B and H-7 for examination by phalloidin staining.
Discussion
Actin and cadherin organization in cleaving and early blastula embryos
Our results, using labeled phalloidin, show that in cleaving embryos F-actin is detectable mainly in the contractile ring of the dividing blastomeres. As cleavage proceeds, there is a gradual assembly of F-actin into the membraneassociated cortical cytoplasm that becomes prominent at the 128-cell stage. The early cleavage planes of cell division of the egg are vertical or oblique creating only superficial blastomeres. At the 64-cell stage horizontal cleavage planes arise in the embryo giving rise to the deep internal cells and the superficial epithelial cells; the latter cells are the precursors of the first extraembryonic cell line of the embryo, the EVL (Kimmel et al. l995 ). In the zebrafish embryo, the gradual reorganization of the cortical actin belt as cleavage proceeds could be a reflection of the gradual acquisition of polarity in the dividing blastomeres in preparation for the horizontal cell division resulting in the first divergence in cell lines, a situation comparable to that occurring in the mammalian embryo (Fleming and Johnson 1988; Fleming 1992) . The fact that at the 32-cell stage organized cadherins are detectable at the apical region of the blastomeres suggests that these adhesive molecules may be inserted into the membrane in a polarized fashion. In the present investigation, we were only able to look at the apical surface of the cells and were not able to visualize the basolateral region of the blastomeres. Studies using embryonic sections should give information on the polarization of actin and cadherin at these stages.
Using antibody CH-19, we detected some intercellular boundary cadherin(s) in the most central cells of the 8-cell embryo. It is probable that some cadherins are produced earlier in development since Jesuthasan (1998) , using a Xenopus anti-EP cadherin antibody, has recently reported some cadherin staining in the 2-cell embryo. In the cells of the 32-cell embryo definite cadherin staining can be distinguished in the apical intercellular boundaries. Cadherins are usually concentrated in the adherens-type junctions where Fig. 7 . Effect of H-7 on cytochalasin-induced EVL dissociation. The concentration of DHCB was 2 µg/mL. Here, the values for EVL dissociation represent the sum of EVLD, EVLD+YCH, and embryo dissolution. The extent of EVL dissociation at different time intervals after the onset of the experiment is depicted in the graphs shown to the left. The graphs to the right show the survival of that particular batch of embryos after 20 h of treatment. Prim St., living embryos that developed up to primordium stages of pharyngula; Somite St., embryos that died at somite stages of segmentation. (A) The concentration of H-7 was 7.5 µM. There were 15 embryos/treatment with the exception of embryos treated with DMSO+H7 where there were 16 embryos/treatment. (B) H-7 concentration was 300 µM. Eight embryos were treated with DMSO, 11 embryos with H-7, 13 embryos with DHCB, 13 embryos with DHCB+H7. (C) H-7 concentration was 900 µM. Eleven embryos were treated with DMSO, 10 embryos with H-7, 12 embryos with DHCB, and 12 embryos with DHCB+H7.
they are also associated with the actin cytoskeleton Geiger 1986a, 1986b; Hirano et al. 1987) ; it is likely that the coincidence of cadherin and phalloidin staining reflects the presence of adherens junctions at this stage. In the embryo of the killfish Fundulus adherens junctions have been reported at comparable developmental stages (Armstrong and Child 1965; Lentz and Trinkaus 1971; Oppenheimer 1937 ).
Actin and cadherin in embryos during epiboly
In embryos at stages corresponding to 30-50% epiboly, the EVL cells contain a cortical actin belt coinciding with cell surface cadherins. As previously mentioned one of the adhesive structures with which the cortical actin belt and the cadherins are associated are the adherens junctions Geiger 1986a, 1986b; Geiger and Ayalon 1992) . With the exception of one communication describing the presence of gap junctions at the high stage of blastula (Dasgupta and Singh 1982) , there are no published data available on the ultrastructure of the junctional complexes in the EVL and deep cells in the early zebrafish embryo. However, in Fundulus, at comparable stages, adherens-type junctional complexes associated with 10-nm microfilaments in the cytoplasmic side of the plasma membrane have been described between the EVL cells (Betchaku and Trinkaus 1978) . It is probable that in the zebrafish embryo, the coincident actin and cadherin staining that we visualize is associated with these adherens-type junctions. In the EVL-YSL boundary a similar colocalization of the cortical actin belt and cell surface cadherins is found at the marginal EVL cells. Electron microscopy observations in Fundulus indicate that the marginal EVL cells contact the underlying YSL via areas of membrane apposition separated by an extracellular space of 4-10 nm. These junctions are associated on the cytoplasmic side with abundant cortical microfilaments (Betchaku and Trinkaus 1978) . Cadherins and the cortical actin belt could be localized in similar adhesive junctions in the zebrafish embryo.
The EVL cells in the EVL-YSL boundary emit actin-rich microspike-like filopodial extensions with no detectable cadherin staining. This strongly suggests that these structures do not participate in junction formation with the YSL. Microspike-like projections are involved in cell locomotion (Bray 1992) . The marginal EVL cells bearing these actinrich filopodial protrusions could be involved in migratory activity of the EVL marginal cells over the YSL.
The surfaces of the deep cells of the embryo were stained with the anti-cadherin antibody and did not display an Factin-rich cell cortex when reacted with labeled phalloidin. These two findings are not surprising since the deep cells are involved in gastrulation, the latter involving cellular movements in which actin polymerization and depolymerization should take place without cells forming permanent adhesions. Migratory cells in embryos display cell surface cadherins which are thought to function either as directional cues within the embryo or to provide loose association between groups of migrating cells (Nakagawa and Takeichi 1995; Kimura et. al. 1995) ; the cadherins of the deep of the zebrafish embryo could perform similar functions. The identity of these cadherins as well as that of EVL cadherins is not clear since the anti-cadherin antibody used in the present experiments reacts with a conserved cytoplasmic sequence common to many cadherins. The cadherins expressed by the deep cells in the embryo may correspond to the ZN cadherins reported by Bitzur et al. (1994) . Since the EVL cells are epithelioid resembling a squamous epithelium, some of the cadherins detectable in this layer could presumably correspond to the E-cadherin group. Immunoblot analysis carried in the present studies as well as by Bitzur et al. (1994) indicate that polyclonal pan-cadherin antibodies rec- -free embryo medium; Control EM, embryos developing in embryo medium; EVLD, EVL dissociation; YCH, yolk cell herniation; EVLD+YCH, embryos undergoing EVL dissociation and yolk cell herniation; Emb. Diss., embryos undergoing embryo dissolution. Primordium, living embryos that developed up to primordium stages of pharyngula; somite, embryos that died at somite stages of segmentation. At 20 h of incubation the percentage of embryos that had undergone embryo dissolution was estimated by subtraction. For the Control EM treatment, 13 embryos were used and for the Control CMF and the EGTA treatments, 10 embryos were used. A representative experiment is shown. Twelve experiments were conducted to evaluate the effects of this compound. ognize cadherin bands in extracts from embryos at the 1000 cell stage and onwards.
The embryo of Fundulus has been used as a model system for the study of the biology of epiboly (Trinkaus 1984) . It is generally assumed that what has been learned about EVL epiboly in Fundulus applies to the zebrafish embryo. In Fundulus, a microfilament-rich cortex has been described in the embryo and treatment of isolated yolk cells or blastoderms with cytochalasin B (10 µg/mL) induces bursting in the region of the animal pole of the yolk cell or an inhibition of the contraction of the entire isolated blastoderm (Betchaku and Trinkaus 1978, pp. 404 and 420) . On the other hand, the Fundulus embryo undergoes full normal epiboly in cytochalasin B (Trinkaus 1984, p. 681) . Our findings indicate that differences exist between Fundulus and zebrafish embryos and that concepts obtained in Fundulus may not be entirely applicable to the zebrafish. The experiments reported herein for the zebrafish embryo, suggest an involvement of the actin cytoskeleton in the support of filopodial and lamellipodial activity, and in the maintenance of functional adhesive bonds between cells, as the EVL stretches over the yolk cell to surround the embryo.
